synchrotron supplement
Synchrotron radiation and structural biology research have become intricately intertwined over the last 20 years. Originally a spin off from high energy physics research on elementary particles, synchrotron radiation was initially used only rarely, essentially parasitically, by the diffraction and spectroscopy communities (see the article by Kenneth Holmes in this supplement). In the 1980s, second generation facilities became available; they were constructed specifically for experiments with synchrotron radiation and not for particle physics research. A schematic of the basic layout of one of these facilities (Daresbury, UK SRS facility; Fig. 1 ) shows the accelerator complex, comprising the linear accelerator, the booster synchrotron and the SRS storage ring (at 2 GeV), as well as the beam lines and instrument hutches organized around the experimental hall. The figure caption highlights the stations and techniques that are used most extensively for structural biology research.
Three third generation X-ray synchrotron radiation facilities, which are characterized by their high brilliance, have become available within the last few years: the European Synchrotron Radiation Facility in Grenoble, France (ESRF; a 6 GeV ring with a circumference of 850 m), the Advanced Photon Source (APS; at 7 GeV and ~1.1 km circumference) in Chicago and SPring-8 (the super photon ring; at 8 GeV and ~1.4 km circumference) near Himeji in Japan. Aerial views of these facilities, which dominate their landscapes, are shown in Fig. 2 glers' and 'undulators' -can be set up in straight sections of the storage ring. Unlike the bending magnets, whose primary purpose is to maintain the circular trajectory, wigglers and undulators are used to increase the intensity of the radiation that is emitted. Both wigglers and undulators are comprised of two sets of small magnets of alternating polarity. As the electron beam passes through the magnetic fields of these insertion devices the electrons are deviated in their path. The degree of deviation is determined in part by the spacings between the magnets in each set. Large deviations are termed 'wiggles' and smaller deviations are termed 'undulations' . There are multiple deviations from the path, and the flux of the radiation emitted is increased proportionally. Undulators in particular result in dramatic increases in brilliance. However, unlike the radiation with a continuous spectrum that is caused by bending magnets and wigglers, the radiation produced by use of an undulator has a discontinuous spectrum. The smaller deviations of the beam in an undulator lead to the phenomenon of interference: the photons emitted are concentrated only at certain wavelengths. Radiation from an undulator can be tuned, shifting the wavelengths of the emitted radiation, by changing the size of the gap between the two sets of magnets on either side of the beam. Both wigglers and undulators are now often used on structural biology beamlines around the world.
The properties of the emitted synchrotron radiation are defined in terms of flux (photons s -1 ), brightness (photons s -1 mrad -2 ; that is how parallel or collimated are the X-rays?) and brilliance (photons s -1 mrad -2 mm -2 ; that is, how small is the source of the beam and how well collimated are the X-rays?). Intensity (photons s -1 mm -2 at the sample position) is a combination of the machine specification and the efficiency of beamline optics. In using synchrotron radiation for protein crystallography, freezing of the sample protects against radiation damage but requires smaller crystals, and thereby a higher intensity and better machine brilliance. The emitted synchrotron radiation spectrum is characterized by the critical wavelength λ c , at which half of the radiated power (in Watts) is below and half is above. The value of λ c varies linearly with the radius of the circular path of the beam and with the inverse third power of machine energy. The peak photon flux is found close to λ c , and the useful flux extends to ~λ c /10. In the plane of the machine orbit the beam is 100% linearly polarized, a property that can be exploited in single crystal EXAFS experiments (see the article by Graham George and colleagues). Away from the orbit plane (up to a few mm) there is a several percent perpendicular component of polarization, which must be taken into account, for example, in protein crystallographic intensity data reduction.
The beam has a time structure that is set ultimately by the width of individual bunches of electrons (an infinitely sharp bunch cannot, of course, be achieved). These widths range from 50-150 ps. Different machine modes can be set up, for example, as single bunch (in which the bunch orbits approximately once every microsecond in the larger machines) or multibunch (with hundreds of bunches circulating at the same time) or hybrids (groups of bunches on one side of the ring and a single bunch at the opposite side of the ring so as to accommodate timing and non-timing experiments simultaneously The importance of bunch modes in timing experiments is described in this supplement by Keith Moffat.
Which facility?
A wide range of machine energies are evident today, and protein crystallography instruments are now available on new sources in Brazil (LNLS, the National Synchrotron Light Laboratory) and Sweden (MaxII) -each with energies of ~1.5 GeV -through to the third generation machines -with energies of 6-8 GeV. synchrotron supplement acquisition graphics user interface (GUI) should be as 'user friendly' as possible, to allow rapid throughput of research teams. The GUI is used to set the various parameters of the experiment such as wavelength, or a cycle of wavelength changes, sample rotation (for protein crystallography) and the exposure time, or cycle of exposure times, and delay intervals (for time-resolved experiments). Workshops have been held to facilitate standardization of GUIs between facilities. Hopefully this will result in less time required to learn the specific features of different locations and will make more facilities accessible to more researchers.
Organization A large number of scientists (the research teams of ~2,000 principal investigators, including chemists, physicists and biologists) can pass through a large, fully operational synchrotron radiation research facility each year. Typically, ~6,000 hours of user time on ~30 beamlines must be scheduled, illustrating the serious need for organization and prioritization of projects. Evaluation of research proposals by review committees, which are composed of scientists from diverse research areas, is a time consuming activity that results in project rankings, which the synchrotron facilities use to match available equipment to the projects (see the article by Steven Ealick).
In the future, coordination between facilities during the review and matching process may be possible to maximize efficient use of resources, but this does not occur at present.
Challenges for the future A great demand for structural biology beam time has been fueled by advances in protein crystallography. Additionally, as we enter the era of 'structural genomics' (see the article by Sung-Hou Kim), the demand for crystallography beam time is likely to continue increasing almost exponentially. Modern synchrotron facilities and users are confronted with the difficulties of ensuring speed, flexibility and reliability of access (see the articles by Steven Ealick and Andrew Howard), and the resolution of these issues will likely require creative initiatives in the future. Nevertheless, the goals are realistic: the need for the expanded availability of synchrotron facilities has been recognized by researchers and governments around the world. This is an encouraging fact since, as this supplement to Nature Structural Biology suggests, usage by biologists in the coming years will almost certainly outstretch the limits of these valuable resources. 10 11 photons s -1 mm -2 at ~1 Å wavelength versus~ 10 13 photons s -1 mm -2 on third generation undulator sources (Fig. 3) . Polychromatic beam intensities, for a broad X-ray wavelength band, are ~10 3 times higher than those monochromatic intensities and are important for the fastest time-resolved research. Investigating these different machine and instrument capabilities for spatial resolution, diffraction resolution, time resolution and energy resolution can be important for guiding projects to appropriate facilities. However, the new capabilities that are being provided on the second and third generation facilities, for example by wigglers and undulators, are forcing the boundaries between facilities to be redrawn, and have opened up opportunities for diverse structural biology research around the world. Another important variable to consider when choosing a facility is the ease of use. At a synchrotron radiation facility, a broad range of beam time is allocated per project, with structural biologists generally requiring less time per project than researchers in other fields. For example, ultra-high vacuum projects in surface science or atomic and molecular physics can easily require weeks of beam time. In contrast, a structural biologist can expect to use ~24-48 h of beam time for a typical project, partly because the demand for structural biology beam time is high and because data collection generally does not require additional time. Thus the equipment in the experimental hutch and the data 
